The technique of passive image interferometry applies interferometric methods to correlation functions of seismic noise to monitor small temporal variations of the Earth interior. We computed the autocorrelation function of seismic noise recorded at a single seismometer located in the vicinity of the source region of the M w = 6.6 Mid-Niigata earthquake. Analysing the temporal evolution of the autocorrelation function, which is interpreted as the sourcereceiver collocated elastic wave Green's function, we detect a sudden decrease of relative seismic velocity in the Earth crust of −0.6 per cent that coincides with the occurrence of the earthquake. This drop of seismic velocity is likely to be caused by the change of stress in the source region of the earthquake.
INTRO D U C T I O N
For some geophysical applications, such as the monitoring of changes in hydrocarbon reservoirs, volcanoes, or fault zones, the major goal is to detect temporal variations in the Earth structure. The technique of 'coda wave interferometry' (Snieder et al. 2002) estimates slight changes in the mean shear wave velocity from a comparison of multiple scattered seismic waves before and after a perturbation. Ratdomopurbo & Poupinet (1995) , Pandolfi et al. (2006) and Wegler et al. (2006) applied this theory to seismograms recorded on an active volcano to monitor temporal variations of its structure. Poupinet et al. (1984) , Nishimura et al. (2000) and Peng & Ben-Zion (2006) used the technique to infer a decrease of seismic velocity caused by a large nearby earthquake. The major problem of coda wave interferometry is that it requires a repeatable seismic source to obtain similar wave forms of the multiple scattered waves in the two seismograms before and after the change. Repeated artificial seismic sources as used by Nishimura et al. (2000) and Wegler et al. (2006) are expensive. Repeated earthquakes with almost identical source positions and mechanisms, on the other hand, are rare and there is no control on their occurrence. As a result the above studies using coda wave interferometry could detect small changes in seismic velocity, but in general the temporal resolution of the changes is poor and irregular.
In a recent study, Sens-Schönfelder & Wegler (2006) suggested to combine the theory of coda wave interferometry with the technique of passive imaging with noise. Passive imaging is a method that recovers the Green's function between two seismometers from the cross-correlation of a diffusive wave field sensed at the two instruments. Campillo & Paul (2003) retrieved Green's functions from the diffusive part of multiple scattered seismic coda. Green's functions can also be obtained from cross-correlations of ambient seismic noise (Shapiro & Campillo 2004; Shapiro et al. 2005) . So far this method was used to extract surface waves travelling between two receivers, where one receivers acts as an apparent source (Campillo & Paul 2003; Shapiro & Campillo 2004; Shapiro et al. 2005) . Recent studies showed that it is also possible to extract P waves (Roux et al. 2005) and scattered coda waves (Sens-Schönfelder & Wegler 2006 ). Usually the cross-correlation function of seismic noise recorded at two different receivers is used. Sens-Schönfelder & Wegler (2006) also applied the autocorrelation function (ACF) of seismic noise recorded at a single station to retrieve the source-receiver collocated Green's function.
The technique of passive imaging with noise is well suited to monitor temporal variations of the Earth structure: First, noise data are continuously available, whereas the usually used repeating earthquakes occur in an uncontrolled quasi-random manner. Secondly, the apparent source position corresponding to one receiver position does not change with time. Therefore, in contrast to similar earthquakes, where source positions and source mechanisms are only approximately identical, Green's functions recovered from noise are reproducible even in the late coda. The new technique of combining Green's function retrieval with coda wave interferometry was named 'passive image interferometry ' (Sens-Schönfelder & Wegler 2006) , because interferometric methods are applied to passive images.
We present an application of passive image interferometry to the source region of the Mid-Niigata earthquake, which is also known as Chuetsu earthquake. The hypocentre of this event with an origin time of 2004 October 23, 08:56 was determined by Japan Meteorological Agency (JMA) as latitude = 37.3 N, longitude = 138.8 E and depth = 20 km. The thrust type focal mechanism inverted by the Japanese Broadband Seismograph Network (F-net) is shown in Fig. 1 a best-fitting centroid-depth of 5 km and moment magnitude of M w = 6.6. More information on the rupture process of the 2004 Mid-Niigata earthquake can be found in Hikima & Koketsu (2005) .
DATA PROC E S S I N G
We used data from station KZK of F-Net, the Japanese Broadband Seismograph Network, located at a distance of 24 km from the hypocentre of the Mid-Niigata earthquake (Fig. 1) . Fig. 1 also shows the hypocentres of aftershocks within one week after the main shock as a rough estimate of the rupture area. We analysed 3 months of continuous seismic data, 1.5 before and 1.5 months after the earthquake. The data were divided into one day segments. After removing the offset, the digital data were resampled from an original sampling rate of 20 Hz to a new value of 100 Hz and a 2 Hz high-pass filter was applied. The reasons for our choice of this frequency range rather than the low-frequency range of microseism were, first, that high-frequency waves are better suited to reveal small time-shifts and, secondly, that backscattered coda waves are common in this frequency range. For the noise correlations it is important to delete large deterministic phases in the seismograms which are caused by earthquakes. To do so, first, the standard deviation of the seismic noise was computed using days without significant earthquakes. Then, in a second step, a value of 10 times of the standard deviation was used as a threshold to detect earthquakes: if the amplitude in the seismogram is larger than the threshold value, that sample and all samples within 1 s after the occurrence were set to zero. The correction is significant especially for times after the Mid-Niigata earthquake where a large number of aftershocks was recorded. We verified that this procedure does not cause artefacts in the ACF. As a test we applied the same zero time segments found for a day with many aftershocks to a day with few earthquakes. We found that setting certain time windows of the noise to zero has negligible influence on the shape of the ACF, whereas it does influence the amplitude of the ACF. After deleting the earthquakes the ACF of the vertical component was computed for each day using one-day-long segments. Fig. 2 A shows an example for the ACF averaged over two weeks. There is significant energy even for shift time as large as 16 s. We interpret these long-term correlations in the late part of the ACF as backscattered and reflected waves of the zero offset Green's function. To confirm this interpretation we computed the squared envelope of the ACF (Fig. 2b) . Assuming single scattering for the early coda the model of Aki & Chouet (1975) for a common source and receiver location can be used and the envelope E(t) should obey E(t) ∼ 1/t 2 exp(−2π f t/Q c ), where t is lapse time, f is central frequency and Q c is the coda decay rate. Fitting this model to the data (Fig. 2b) using Q c as the only free parameter we obtain a value of Q c = 150 at f = 3 Hz. This is in good agreement with independent measurements of Q c for the region under study (Jin & Aki 2005 ). . This wiggle-plot shows that the late phases are coherent over ACFs of different days. A high similarity of Green's functions before the Mid-Niigata earthquake can be seen. Also the similarity after the earthquake is high, whereas similarity of ACFs before and after the earthquake is smaller. Fig. 3(b) shows a time window from 7 to 9 s in more details. Each single black or grey phase arrives at roughly the same time for all Green's functions before the Mid-Niigata earthquake. At the time of the Mid-Niigata earthquake a time-shift is observed and then, after the Mid-Niigata earthquake, the phase again has a more or less stable arrival time. We interpret this observed time-shift as the result of decreased seismic velocity in the Earth crust after the Mid-Niigata earthquake. To quantify this observation we apply coda wave interferometry to the computed ACFs. A homogeneous relative change in seismic velocity dv/v results in a time-shift dt of (Snieder et al. 2002) :
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where t is the lapse time. Each of the daily ACFs is compared to a reference trace which is the average of all ACFs from the two weeks before the Mid-Niigata earthquake. For the inversion a time window from 5 to 14 s was selected. The lower limit of the inversion time window was chosen to exclude waves scattered locally near the receiver. The upper limit was determined by the noise level in the ACFs, which corresponds to the constant level of the ACFs at very late times. The ACFs for each day were stretched and compressed according to eq. (1) using a grid search with 10 000 trials between −0.03 and +0.03 for parameter dv/v. For each trial in the grid search the cross-correlation coefficient between the reference trace and the stretched or compressed daily ACF was computed. As the best-fitting relative change in seismic velocity dv/v we ) show the results for the 3 months interval. The relative change in seismic velocity is small before and after the Mid-Niigata earthquake, but a clear drop in seismic velocity of about dv/v = −0.6 per cent coincides with the occurrence of the earthquake (Fig. 4a ). This decrease in velocity corresponds to the time-shift, which can be seen in Fig. 3(b) . Comparing the value of dv/v for successive days a fluctuation in the order of dv/v = ±0.1 per cent can be observed. We interpret this value as the accuracy of our inversion procedure. In Fig. 4(a) there also appears to be a systematic increase of seismic velocity during the 1.5 months before the earthquake. Fig. 4(b) shows the cross-correlation coefficient of the stretched or compressed daily ACFs and the reference ACF. Since the reference trace was computed from ACFs before the Mid-Niigata earthquake, the correlation is high for that period and lower for the period after the large earthquake. This corresponds to the similarity and dissimilarity of the Green's functions in Fig. 3(a) . The changes in the similarity of the ACFs are caused by two effects: First, a large number of aftershocks occurred after the main event. To obtain pure noise data we replaced the aftershock recordings in the seismograms by zeroes. As a result we obtained shorter time-series to compute the ACF for that day, which caused a higher noise level in the ACF. Secondly, we expect a real change in the Earth structure caused by the Mid-Niigata earthquake. Snieder et al. (2002) showed that a small dislocation of scatterers in random directions will cause a decrease in the cross-correlation coefficient comparing seismograms before and after the perturbation. This is a second type of change in the medium additional to the velocity decrease, which is shown in Fig. 4(a) .
DISC U S S I O N
Similar studies have been done using repeated earthquakes (Poupinet et al. 1984; Peng & Ben-Zion 2006) and repeated artificial shots (Nishimura et al. 2000) . These studies also observed a time-shift in the seismic coda corresponding to decreased velocity after the occurrence of a large earthquake and, therefore, are in agreement with our results. We note that the observed time-shifts in the ACFs are not likely to be caused by a dislocation of the seismometer or by a dislocation of scatterer positions. Snieder et al. (2002) showed that these effects cause a decrease in the cross-correlation coefficient but cannot explain the observed time-shift. Since we use the ACF of a single seismic station instead of a cross-correlation function between two different receivers and since, additionally, we only use relative times, instrumental timing errors are unlikely to effect our analysis. A possible explanation for the observed rapid decrease in velocity is the decrease in stress in the Earth crust caused by the MidNiigata earthquake. The same interpretation was also suggested by Nishimura et al. (2000) to explain the decrease of seismic velocity during the M = 6.1 earthquake near Iwate volcano. Also Poupinet et al. (1984) believed a tectonic stress change in the upper crust to be the most likely reason for the observed decrease of seismic velocity during the M = 5.9 Coyote Lake earthquake. An alternative interpretation is a decrease of velocity caused by the creation of near-surface damage or cracks during the earthquake (Peng & Ben-Zion 2006) . A third possible explanation is a rapid change in the ground water table. Rapid water-level changes in geothermal wells in the order of 10 m were reported in association with the M w = 6.5 south Iceland earthquake in 2000 (Jónsson et al. 2003) . Such changes in the near-surface material properties related to the degree of water saturation can cause travel time-shifts in the order of a few percent (Sens-Schönfelder & Wegler 2006) . According to Jónsson et al. (2003) one would expect an exponential decay of the water-level perturbation after the earthquake with a typical relaxation time in the order of weeks. Fig. 4 , on the contrary, shows an almost constant velocity after the earthquake with no or a much slower relaxation than reported by Jónsson et al. (2003) . This indicates that the observed time-shifts are more likely to be caused by changes in upper crustal stress than by near-surface effects of water level changes. Another possibility to distinguish between the different interpretations is to study the depth extend of the velocity changes. Throughout this study we assumed a homogeneous change in velocity corresponding to a time-shift which is proportional to lapse time. Assuming a spatially variable velocity change results in timeshifts depending in a more complicated manner on lapse time. This fact can be used to retrieve information on the depth dependency of the velocity changes (Pacheco & Snieder 2005; Sens-Schönfelder & Wegler 2006) .
Another feature of Fig. 4(a) is the slow increase in velocity before the Mid-Niigata earthquake. Sens-Schönfelder & Wegler (2006) observed annual changes in seismic velocity at Merapi volcano related to precipitation. Such slow seasonal variations of seismic velocity may explain this observation in Fig. 4 . However, to prove this speculation much longer time-series in the order of years must be analysed. This will be done in a separate study.
CONC L U S I O N
The technique of 'passive image interferometry' is well suited to monitor small temporal changes in the seismic velocity of the Earth crust. Applying this method to seismic noise recorded in the vicinity of the source region of the M w = 6.6 Mid-Niigata earthquake we monitored temporal changes of the relative seismic wave velocity dv/v with typical error bars as small as 0.1 per cent. In contrast to coda wave interferometry which uses repeated earthquakes we obtained a high temporal resolution with one measurement of relative velocity per day. Using this technique we could reveal a rapid drop in relative seismic velocity of dv/v = −0.6 per cent associated with the Mid-Niigata earthquake. This drop in seismic velocity is assumed to be caused by the decrease of stress in the Earth crust during the earthquake. However, nearsurface effects like changing ground water levels cannot be completely ruled out. Since only a single station is needed and since the technique is easy to implement, we see a high potential for passive image interferometry as a future real-time monitoring tool for stress changes in the Earth crust. It can be applied to fault zone monitoring, volcano monitoring and hydrocarbon reservoir monitoring.
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